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Most vaccines confer protection via the elicitation of serum
antibodies, yet more than 100 y after the discovery of antibodies,
the molecular composition of the human serum antibody reper-
toire to an antigen remains unknown. Using high-resolution liquid
chromatography tandem MS proteomic analyses of serum anti-
bodies coupled with next-generation sequencing of the V gene
repertoire in peripheral B cells, we have delineated the human
serum IgG and B-cell receptor repertoires following tetanus toxoid
(TT) booster vaccination. We show that the TT* serum IgG reper-
toire comprises ~100 antibody clonotypes, with three clonotypes
accounting for >40% of the response. All 13 recombinant lgGs exam-
ined bound to vaccine antigen with Ky ~ 1078-10~"° M. Five of 13
lgGs recognized the same linear epitope on TT, occluding the binding
site used by the toxin for cell entry, suggesting a possible explanation
for the mechanism of protection conferred by the vaccine. Impor-
tantly, only a small fraction (<5%) of peripheral blood plasmablast
clonotypes (CD3~CD14~CD19*CD27+*CD38**CD20~TT") at the peak
of the response (day 7), and an even smaller fraction of memory B
cells, were found to encode antibodies that could be detected in the
serological memory response 9 mo postvaccination. This suggests
that only a small fraction of responding peripheral B cells give rise
to the bone marrow long-lived plasma cells responsible for the
production of biologically relevant amounts of vaccine-specific
antibodies (near or above the K, ). Collectively, our results reveal
the nature and dynamics of the serological response to vaccination
with direct implications for vaccine design and evaluation.
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ost approved vaccines confer protection against infectious

diseases by the induction of long-lived plasma cells
(LLPCs), which secrete antibodies that serve to neutralize and
opsonize the pathogen for many years or decades (1-3). Addi-
tionally, the generation of memory B cells (mBCs) provides both
a mechanism for the rapid synthesis of affinity matured, antigen-
specific antibodies following rechallenge and a means to diversify
the humoral immune response to confer protection against
rapidly evolving viruses or bacteria (4). Although some vaccines
elicit antibody titers that remain virtually constant for many
decades, for others, including the tetanus toxoid (TT) vaccine,
antibody titers wane monotonically over time (5). Booster im-
munization triggers the rapid expansion and differentiation of
cognate B cells, generating antigen-specific plasmablasts that
peak in concentration in peripheral blood after 6-7 d and sub-
sequently rapidly decline to nearly undetectable levels (6, 7).
Some, but not all, of these peak-wave plasmablasts migrate to
specialized niches overwhelmingly located in the bone marrow
(BM) and survive as LLPCs (8), which constitute the major
source of all classes of Ig in the serum (9).

The establishment of serological memory following either
primary or booster vaccination is not understood well (10-14).
Even though antibody production is the most critical effector
function of B-cell immunity, and antigen-specific antibodies in
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the serum play a key role in protection against pathogen chal-
lenge, technical difficulties have precluded direct determination
of the identities of the mAbs that comprise the serum antibody
response to vaccination. However, recent studies showing that
flu vaccination elicits not only neutralizing antibodies but also
antibodies that enhance infection by different flu strains (15)
underscore the pressing need to develop approaches for de-
lineating the sequences and functionalities of the serum anti-
bodies elicited by vaccination (16).

Single-cell cloning has been used to identify neutralizing
antibodies encoded by mBCs or plasmablasts in peripheral blood
(17). However, although extremely useful for understanding of
the structural mechanisms that can lead to the blockade of
pathogen infection, the interrogation of single peripheral B cells
alone cannot provide information on whether antibodies enco-
ded by single B cells are also produced as secreted IgGs from
BM LLPCs, and hence whether they contribute to the serological
memory induced by vaccination. A detailed understanding of the
diversity of serum antibodies elicited by vaccination, their func-
tionality (e.g., antigen affinity, epitope specificity), and their
relative concentrations in the blood can provide key insights
toward vaccine evaluation and development.

Here, we deployed high-resolution liquid chromatography
(LC) tandem MS (MS/MS) (18-20) for the molecular-level
analysis of the serum IgG repertoire, combined with deep se-
quencing of the V gene repertoire of peripheral B lymphocyte
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subsets (20) and subsequent expression and characterization of
representative serum antibodies, to map the dynamics of the
human humoral response to vaccination in unprecedented detail.
We elected to analyze the response to booster immunization of
the TT vaccine because (i) it elicits a highly effective neutralizing
response that is protective toward Clostridium tetani challenge;
(if) the vaccine is highly efficacious, and as a result, no deaths
from tetanus intoxication have been reported in the United
States for individuals who have completed at least primary im-
munization (21); (iii) TT has been used as a model for analyzing
B-cell development following vaccination in humans (6, 22,
23); and (iv) although early serological and mAb studies had
pointed to the C-terminal fragment of the toxin heavy chain
[recombinant TT fragment C (rTT.C)] as the target for anti-
body-mediated protection (24), the precise mechanism by
which antibodies elicited by the vaccine mediate neutraliza-
tion has remained unclear.

We show that the anti-TT serum IgG repertoire at steady state
is composed of a limited number of antibody clonotypes (~80-
100) displaying uniformly high antigen affinity (low nanomolar
or subnanomolar), that most of the serum repertoire postboost
comprises preexisting (i.e., prevaccination) serum antibody clo-
notypes, and that there is only partial overlap between the peak-
wave plasmablast V gene repertoire and the TT* serum IgG
repertoire at steady state after vaccination. We identified several
serum monoclonal IgGs that bind to rTT.C, and epitope map-
ping revealed that all r'TT.C-specific antibodies tested bind to an
immunodominant linear epitope at the ganglioside-binding site
of the toxin that is used for cell entry. Computational antibody
docking substantiated that binding of these antibodies to the
toxin blocks access to the ganglioside ligand, thus providing
a possible mechanistic explanation for how the TT vaccine
confers protection. These results highlight the importance of
understanding the composition and dynamics of the serum an-
tibody repertoire, together with the V gene repertoire in pe-
ripheral B lymphocytes, for the molecular understanding of
vaccine function.

Results

Sequencing of the Peripheral B-Cell Repertoire After TT Booster
Vaccination. The inactivated TT vaccine is highly effective (21,
25), eliciting antibody titers in adults between 0.05 and 39.6
IU/mL, with a mean antibody titer of 1.2 ITU/mL (20 pg/mL) (26).
The TT-specific antibody titer decays linearly with a #;, of 11y
(10); therefore, booster vaccinations are recommended every 10'y.
Two healthy donors (HDs) were administered the TT/diphtheria
toxoid (DT) vaccine 7 y and 10 y (HD1 and HD2, respectively)
following the last booster vaccination. As expected, a rapid ex-
pansion of TT* plasmablasts (CD3~CD14~CD19*CD27+*CD38™*
CD20"TT") was observed at day 7 (Fig. S1). This wave of day 7
antigen-specific plasmablasts represents a transient population of
responding B cells, with <30 TT* plasmablasts per milliliter
detected at t = day 0 or at ¢ = day 56 and beyond. The peripheral
blood concentration of TT-specific mBCs remained relatively con-
stant from ¢ = 40 d to t = 169 d (Fig. S1). The Vg repertoires for
each donor, encoded by day 7 plasmablasts and by IgD™ mBCs
collected on both day 7 and 3 mo postboost, were determined by
454 (Roche Diagnostics GmbH) sequencing (70,326 and 157,089
high-quality Vy reads for HD1 and HD2, respectively; Table S1)
and indexed by their Vy clonotype. The Vy clonotype, which
represents a cluster of antibodies that likely originate from
a single B-cell lineage (27, 28), is defined here as the group of
Vu sequences that share germ-line V and J segments and also
exhibit greater than 90% amino acid identity in the comple-
mentarity-determining region (CDR)-H3 (threshold for CDR-
H3 amino acid identity determined by analysis of test sets from
clustered deep-sequencing data; Fig. S2). We observed that the
day 7 TT* plasmablast samples comprised 922 and 538 Vy
clonotypes for HD1 and HD2, respectively.
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Serum Proteomics of the TT-Specific IgG Repertoire. The TT* serum
IgG repertoires at t = day 0, =7 d, t = 3 mo, and t = 9 mo
postboost were analyzed using recently developed LC-MS/MS
proteomic methodology (20). Importantly, in F(ab’)2 resulting
from trypsin digestion of IgG, the presence of a conserved
cleavage site (Arg) directly upstream of the CDR-H3 and at the
fourth residue of the downstream CHI constant region (Lys)
consistently yields a peptide encompassing the highly informative
CDR-H3 and the J region (Fig. S3). Proteolysis of the F(ab’)2
with other selective proteases (e.g., GluC/LysC) resulted in
peptide identifications of very few additional clonotypes (<8%
additional high-confidence identifications of those found in
trypsinized sample for HD2 at day 0), the vast majority of which
were of low abundance. For peptide identifications, a custom
database of the antibody repertoire was built using high-quality
V gene sequences from the peripheral B cells in each donor
(Table S1), in conjunction with a standard shotgun proteomic
pipeline with a high-mass accuracy filter (average mass deviation
<1.5 ppm) to minimize false identifications (20). Frequencies of
antigen affinity chromatography elution- and flow-through—
derived CDR-H3 peptides mapping to a unique clonotype in the
454 donor-specific sequence database are shown in Fig. 1. The
serum IgG clonotype frequency histograms are highly reproducible
among technical replicates (20).

Sensitivity and Resolution of CDR-H3 Peptide Quantitation. To de-
termine the dynamic range of detection of serum antibodies and
to calibrate the resolution of antibody quantitation, isotopically
labeled peptides corresponding to seven TT-specific CDR-H3
sequences observed over a wide range of MS peak intensities in
serum samples from donor HD1 and ranging from 15 to 25
residues in length (i.e., largely spanning the observed CDR-H3
peptide length distribution) were synthesized and spiked into
trypsinized HD1 samples at varying amounts (5-500 fmol). For
all seven synthetic peptides, peak intensities varied linearly with
peptide concentration (Spearman correlation = 0.98) and dis-
played small differences (less than threefold) across different
peptides at each spike-in concentration (Fig. S4). The LC-MS/MS
detection limit was found to be 5 fmol. Thus, based on the amount
of trypsinized F(ab’)2 injected, we estimate the lower limit of
sensitivity of IgG in the serum at ~0.1 nM (or ~15-16 ng/mL).
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Fig. 1. Representative histogram of antibody clonotype frequencies iden-

tified proteomically in the F(ab’)2 elution and flow-through fractions fol-
lowing TT affinity purification. The histogram shown depicts the 3-mo
postboost serum IgG repertoire for HD1. Frequencies shown here were cal-
culated by adding the CDR-H3 spectral counts for all peptides mapping to
a single clonotype.
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Identities and Dynamics of the Serum Antibody Response to Vaccination.
The composition, persistence, and dynamics of Vi clonotype
frequencies in the TT-specific serum IgG repertoire at ¢t = day 0,
t =day 7, t =3 mo, and ¢t = 9 mo postboost are shown in Fig. 2;
the t = day 0 and ¢ = 9 mo time points constitute the steady-state
response pre- and postboost vaccination. At steady state pre- and
postboost, the TT" serum repertoire displays a comparable
clonal diversity in both donors, comprising between 82 and 124
antibody clonotypes. Particularly striking features of the sero-
logical repertoire include the following:

i) For both donors at 9 mo postboost, >40% of the detectable
serum antibody response (the sum of all TT* CDR-H3 pep-
tide peak intensities) could be traced to three antibody clo-
notypes. The vast majority of the rest of the TT-specific
clonotypes were present at frequencies under 0.5%. Specifi-
cally, in both donors, we estimate that the most abundant
TT-specific antibody clonotype is present in the serum at
a concentration of several micrograms per milliliter (~15-
20 pg/mL based on the MS peptide peak intensity and pep-
tide concentration calibration in Fig. S4).

ii) In both HD1 and HD2, highly abundant serum antibody
clonotypes at day 0 were also present at high concentrations
9 mo postboost.

iii) A transient increase in the TT* serum IgG clonotypic diver-
sity index (IgG-cd index) was observed at 3 mo postvaccina-
tion (82% increase in the IgG cd-index for HD1 and 17%
increase for HD2); the smaller increase in the IgG-cd index
for HD2 may be related to the fact that this donor did not
display a higher TT titer postvaccination (Table S2) even
though a robust cellular response to the vaccine was evident
at day 7 (Fig. S1).

iv) The postboost steady-state repertoire comprised 59% (HD1)
and 21% (HD2) new TT" antibody clonotypes not observed
in the t = day 0 sample. The overwhelming majority of these
were detected at low levels, with only one to two new anti-
body clonotypes in each donor detected at levels >0.5% of
the antigen-specific serum repertoire.

Comparison of the Peripheral B-Cell and TT* Serum Antibody Clonotypes.
Earlier studies in mice had revealed a wide disparity in clonal di-
versity between the antigen-specific peripheral B cells and the
steady-state LLPC population in the BM that is predominantly
responsible for the synthesis of the antibodies that constitute the
serological memory (29). It had been estimated that only ~10% of
responding peak plasmablasts following TT boost vaccination in

humans differentiate further into LLPCs (30). Consistent with these
observations, comparison of the steady-state TT* serum IgG rep-
ertoire with the repertoire encoded by the day 7 TT" plasmablasts
revealed that <5% of the peak-wave (day 7) TT-specific plasma-
blast clonotypes contribute to the serological memory at a level
sufficiently high enough to be detected (Fig. 3 and Table S1).
Additionally, a small percentage (<1%) of the day 7 plasma-
blast clonotypes that did not stain with fluorescently labeled TT
[i.e., TT depleted (TTdep)] encode antibodies that were detec-
ted in the TT* serum IgG repertoire. These TTP plasmablasts
likely expressed insufficient levels of membrane IgG to stain with
TT during fluorescence-activated cell sorting (FACS) yet encoded
TT-specific antibodies, and consequently ended up contributing
to the serological memory.

Many highly expanded clonotypes encoded by the day 7 TT*
plasmablasts (as determined by high 454 sequencing read fre-
quencies) were also detected at high or moderately high levels in
the serum at 9 mo (Fig. 3). This indicates, albeit not directly, that
these respective TT* plasmablasts likely developed into LLPCs
at steady state after vaccination. Direct observation of these
LLPCs over the course of a vaccine response is extremely diffi-
cult in humans, because most LLPCs reside in the BM. In both
donors, there were, however, several highly expanded day 7 TT™
plasmablast clonotypes that encoded antibodies not detected in
the 9-mo serological repertoire. To examine whether the absence
of these antibodies in the serum was due to a technical inability
to detect the respective tryptic peptide fragments by MS, we
selected one of the antibodies found at a very high 454 se-
quencing read frequency (9%) in the day 7 TT* plasmablast
repertoire from HD?2, yet absent from the serological repertoire
at all time points, and expressed it in HEK 293F cells. We found
that the CDR-H3 tryptic peptides of this recombinant antibody
were readily observable by LC-MS/MS (Fig. S5). This result
strongly suggests that the TT* plasmablast clonotypes that could
not be detected by our proteomic analysis are either not present
in the serum at all or are present at subphysiological concen-
trations, below the 0.1 nM LC-MS/MS detection limit.

Characterization of TT-Specific Antibodies. V4/V pairs encoded
by TT* plasmablasts from HD2 were determined by a high-
throughput method (19), and nine of those for which the clo-
notype was detected in the TT* serum IgG repertoire were
expressed as human IgG1 antibodies in HEK 293F cells. These
experiments used previously frozen plasma cells, which are
known to display low viability upon thawing; consequently, some
Vu/Vy pairs of particular interest could not be determined.
Therefore, for the highest frequency TT" serum clonotype from
HD2 and three high-frequency TT" serum clonotypes from

HD1 Persistent clonotypes New
day 0
day 7 Il |
3 months il 'l
9 months
Decaying Transient
day 0
day7 >15% Fig. 2. Heat map of TT* serum IgG clonotypes.
3 months Binned frequencies of TT* serum clonotypes are
9 months 10 - 15% determined from mass spectral peak intensities
” [extracted-ion chromatogram (XIC) peak areas] of

HD2 Persistent clonotypes New 5-10% CDR-H3 peptides. Each column represents a unique
day 0 2 - 5% clonotype across four different time points relative
day 7 Il to the booster vaccination. Persistent clonotypes
3 months [lil 1-2% (present at day 0 and 9 mo) and new clonotypes (not
9 months 0 detected at day 0 yet detected at 9 mo) are ordered

Decaying Transient 0.5-1% by the postboost steady-state (9 mo) frequency.
day0 0-0.5% Decaying clonotypes (present at day 0 but not
day 7 detected at 9 mo) are ordered by the preboost
3 months 0 steady-state (day 0) frequency. Transient clonotypes
9 months = are not detected at pre- or postboost steady state.
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HD1, Vy genes were first synthesized and used to construct four
separate Fab libraries in bacteria with Vi, cDNA from donor-
specific TT* plasmablasts (20). Because of the low diversity of
the TT* plasmablast-derived Vy pool (1,100-1,300 unique CDR-
L3 genes), these libraries could be readily screened by ELISA,
resulting in the isolation of productive Vy/Vy pairs for each
clonotype (Fig. S6). Overall, we determined the affinity (Kg) of
13 full-length serum IgGs to vaccine-grade TT (formaldehyde-
inactivated), to native rTT.C, and to formaldehyde-treated rTT.C
(Fig. 4). As expected for booster vaccination, all antibodies
bound the vaccine antigen TT with high affinities (Kyg ~ 2.2 X
107® — 1 x 107'® M). Neutralizing epitopes of the 150-kDa
holotoxin have been reported to reside within rTT.C (24). Five
serum IgGs (HD1-2, HD1-5, HD2-49, HD2-88, and HD2-89)
were shown to bind to rTT.C with subnanomolar Ky values.
Epitope binding analysis using an overlapping 15-mer peptide
array spanning the entire r'TT.C polypeptide (110 peptides in the
array) revealed that all five rTT.C-specific antibodies recognized
a single linear epitope (Fig. 5). Modeling of the Ab/Ag complex

T a-TT afTT.C  a-fTT.C
plasmablasts TT* serum IgG (inactivated) (native) (inactivaled)
mABID  COR-H3sequence day7(%) day0  day7 KofnM) Ky (aM) K (nM)

HD1-1* ARNLQGHYAMDY 0.03 03£006 n.d. nd.

3months 8 months

HD1-2* ARDSYTNLGENLNFFPY 15 0:15£0.03 167008 040£0.07
HD1-6*  ARDTVTPLGENLNYFAH 1 056003 1.33£0.12 0.20£0.08
Hoe-1*  ARGEPIRATVFGGPIPRGAWFDP 25 (DI osc:o0s nd nd.
HD27  ARLHPTCASTRCPENYGMDV 04 181236 nd. nd
HD2-8 ARARNYGFFPHFFDF 0.04 0.5£0.01 n.d. nd.
HD221  ARGEDCVGGSCYSAD 08 01£0008  nd. nd
HDZ-26  ARDYFHSGSQYFFDY 1 0.6+0.03 nd. nd.
HDZ-49  ARGVVPAGIPFDF 0.05 32+05 0312003 3122032
HD2:541 AKAPIIGPKYYEYMDV 02 164004  nd. nd.
HD2:542  AKAPIIGPKHYFYMDV 02 094003  nd nd
HD2-88  ARKGMGHYFDF 0.9 28£03 07£013 250+027
HD2-69  GKSYDYIRENLDS 03 22649 0444003 8214081
HDZ-PB1 AKDRVRVVQAATTLDF 9 37205 nd. nd.
HD2-PB2 ARKPRFYYDTSAWFEF 02 164005 nd nd

*pairing of V2V, derived from 96-well ELISA screening of V, shuffle libraries.

Fig. 4. Functional analysis of recombinant TT-specific mAbs from serum.
Vu/V, pairs from day 7 TT* plasmablasts were determined (19), genes were
synthesized, and IgG antibodies were expressed in HEK 293F cells. For the
four IgGs marked with an asterisk, the V| genes were identified by screening
libraries of each of the respective synthetic Vy genes paired with TT* plas-
mablast V| repertoires on 96-well ELISA plates. The mAb ID indicates the
donor from which the antibodies were derived, followed by the serum IgG
clonotype ranking (by postboost steady-state frequency). For each Vy, the
respective clonotype frequency (%) in the day 7 TT* plasmablast V gene
repertoire is shown. The heat map indicates the relative frequency of the
clonotype for each Vi (a heat map key is provided in Fig. 2). Equilibrium
dissociation constants (K4 values) toward vaccine-grade TT (TT), native rTT.C,
and formaldehyde-inactivated rTT.C (f-rTT.C) were determined by competi-
tive ELISA. HD2-PB1 and HD2-PB2 correspond to V, genes found in the day 7
TT* plasmablast Vy gene repertoire but not detected in the serum at any
time point examined. MS analysis of trypsin digests of recombinant HD2-88
and HD2-PB1 is illustrated in Fig. S5. Full amino acid sequences of analyzed
TT-specific mAbs are provided in Fig. S6. n.d., not determined.
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Fig. 3. Circos plots show the relationship between
the B-cell and TT* serum IgG repertoire. Postboost
steady-state (9 mo) TT* serum IgG clonotypes (red
section, ordered clockwise by frequency) and the
V gene repertoire clonotypes determined by 454 se-
quencing of each B-cell subset, ordered clockwise by
frequency, in HD1 (Left) and HD2 (Right) are shown.
gD~ mBC day 7: CD37CD14-CD19*CD27*CD20*IgD",
TT* plasmablasts day 7: CD37CD14°CD19*CD27+*
CD38+*CD20"TT*, TTP plasmablasts day 7: CD3~
CD14°CD19*CD27**CD38*"CD20". Even though some
low-abundance TT* serum IgG clonotypes solely map
to day 7 TT9P plasmablasts, these cells did not stain
with antigen by FACS, likely due to varying levels of
B-cell receptor expression and affinities for the antigen-
dye conjugate. Peripheral B cells 3 mo: combined IgD™~
mBCs and total plasmablast cells. Clonotype numbers
for each population are provided in Table S1.

of HD2-49, HD2-88, and HD2-89 (Fig. S7) using Rosetta soft-
ware showed that binding of these antibodies to rTT.C occludes
the ganglioside-binding site, which serves as the cell surface li-
gand used by the toxin for its internalization, and thus may play
a critical role in toxin neutralization. The structural models re-
veal numerous contacts between the antibody CDR-H3 and
CDR-L3 loops and the experimentally defined binding epitope
of the toxin.

Discussion

The majority of approved and experimental vaccines elicit long-
lasting humoral immunity and a protective response that mani-
fests as a significant titer of neutralizing serum antibodies (2).
Vaccine development and evaluation have so far relied on the
determination of neutralization titers, with titers higher than
a certain threshold deemed protective. However, antibody titers
constitute an aggregate property from which it is very difficult to
infer, let alone to ascertain, the precise mechanism of protection
conferred by the multiplicity of antibodies contained in the se-
rum (31). Additionally, many experimental vaccines fail because
they cannot elicit prolonged neutralizing antibody responses or
because the vaccine response is directed toward nonneutralizing
or heterologous epitopes (15); thus, it is important to be able to
trace the identities, dynamics, and binding functionality of the
monoclonal serum antibodies induced by vaccination to identify
B cells encoding these antibodies, and to delineate their de-
velopmental trajectory and fate.

We have developed a platform technology for determining
both the serological antibody repertoire and the V gene reper-
toires in peripheral B cells. Combined with expression of rep-
resentative antibodies found in serum, antigen affinity and
epitope mapping studies, and Rosetta modeling of antibody—
antigen complexes, we show here that this pipeline can provide
completely unique insights on the nature of humoral responses
elicited by vaccination through a direct proxy of the serum an-
tibody vaccine response. In two donors, we find that the anti-TT
polyclonal response comprised approximately the same number
of distinct antibody clonotypes at steady state (IgG-cd index =
80-120). As expected, a transient increase in the serological
clonotypic diversity was observed after the peak response and
was most pronounced at 3 mo after vaccination. For comparison,
the serum of hyperimmunized rabbits exhibited a more restricted
diversity of antigen-specific antibodies (IgG-cd index = 30) (20).

We note that the estimation of the IgG-cd index is subject to
the established limitations of LC-MS/MS proteomic analysis and
likely represents a lower estimate of the true diversity of the
serological repertoire, because some CDR-H3-derived peptides
are present below the level of detection. Nevertheless, several
lines of evidence indicate that the LC-MS/MS serum proteomics
we used here clearly capture the salient features of the serological
repertoire. First, digestion of serum antibodies with proteases
other than trypsin resulted in identification of only a small

Lavinder et al.
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Fig. 5. Epitope mapping of rTT.C-specific antibodies. The histogram sum-
marizes the normalized signal of five rTT.C-specific antibodies binding to
a peptide array scan of an rTT.C sequence. The peptide array contained 110
15-mer peptides having a 12-residue overlap and spanning the entire rTT.C
sequence. A negative control using Herceptin resulted in very low signal
across the peptide array and positive control spots (absorbed full-length TT
and rTT.C proteins). Computational modeling of three of these antibodies
with the experimentally defined epitope is shown in Fig. S7.

number of additional low-frequency antibody clonotypes. Sec-
ond, analysis of the V gene repertoire suggests that tryptic di-
gestion suffices to generate peptide fragments of appropriate
size for MS analysis for >92% of the V gene sequences in the
454 database (Fig. S3). Third, because of the presence of con-
served trypsin cleavage sites adjacent to the CDR-H3/J region,
the CDR-H3-derived peptides contain the highly conserved J
region, and thus demonstrate similar characteristics and MS
observability (Fig. S5). The similarity in the MS observability of
CDR-H3-derived tryptic peptides therefore facilitates their
relative quantitation by measuring peak intensities. Finally, with
a detection limit of 0.1 nM, LC-MS/MS serum proteomics are
easily able to identify antibodies that are present at physiolog-
ically relevant concentrations (i.e., concentrations >Kj), given
that the theoretical ceiling of antibody affinity is 0.1 nM and the
overwhelming majority of antibodies are expected to display
higher Ky values, typically in the nanomolar range. For these
reasons, the IgG-cd index provides a useful metric for evaluating
differences in the breadth of the polyclonal vaccine response
across samples.

Upon restimulation with antigen, mBCs undergo rapid ex-
pansion and differentiation into plasmablasts that emigrate into
peripheral blood. In humans, the number of plasmablasts in
blood reaches a peak value 7 d after immunization and then
declines rapidly (32). Although the large majority of plasma-
blasts in the periphery undergo apoptosis, a small fraction, es-
timated at between 10% and 20% (30), are thought to be able to
home into the BM, where they survive for extensive periods of
time as LLPCs, producing the antibodies that constitute the
long-term serological memory. Comparison of the plasmablast
clonotypic repertoire with the anti-TT serum IgG repertoire

Lavinder et al.

revealed that ~5% of the peak TT' plasmablast clonotypes
contribute to the steady state (long-term) serological memory.
These “successful” TT* plasmablast clonotypes were mostly
present at high frequencies, cumulatively 38% and 30% (HD1
and HD2, respectively) of the total 454 reads in the day 7 TT"
plasmablast population. Still, the data in Fig. 3 reveal that there
are a significant number of the responding TT* plasmablast
clonotypes that do not contribute significantly to the long-term
serological memory, suggesting that these plasmablasts are
mostly short-lived populations of B cells. The cellular features
that render some highly expanded plasmablast clonotypes ca-
pable of producing antibody at a steady state, whereas others do
not, will need to be defined further.

We observed a striking polarization of the serological reper-
toire, with a dominant antibody clonotype comprising 20% of the
total peptide counts detected by LC-MS/MS, and estimated it to
be present at a concentration >10 pg/mL in serum. Only four to
seven antibody clonotypes in every sample analyzed were esti-
mated to be present at concentrations >1 pg/mL, whereas the
majority of the antibodies in the serum repertoire were detected
at lower concentrations, generally within the range of 1-4 nM.
The level of polarization seen here in the serum antibody rep-
ertoire, with a handful of serum antibody clonotypes dominating
the response, displays some similarities to the peripheral B-cell
repertoire determined by next-generation sequencing following
flu immunization (33). Further, some serum antibodies (e.g.,
HD2-7) appear to be present in the serum at a concentration below
the Ky value (Fig. 4, Ky for formaldehyde-treated TT =18.6 nM
compared with an estimated serum concentration of 5 nM).
Upon challenge with TT, such antibodies would be expected to
be largely in the unbound state at equilibrium, and thus may not
contribute significantly to protection.

Proteomic serum antibody profiling of the vaccine response at
a molecular level facilitates a repertoire-wide analysis of neu-
tralizing functionality of the constituent antibodies, which pres-
ents obvious utility in probing the efficacy of a vaccine in eliciting
targeted responses toward neutralizing epitopes. For both
donors, we find that recombinant IgGs encoded by the dominant
clonotype in HD1 and HD2 bind to formaldehyde-treated TT
with subnanomolar affinity; however, because they do not rec-
ognize the rTT.C fragment of the toxoid, they are unlikely to play
an important role in neutralization despite their presence at high
concentrations. Likewise, the majority (eight of 13) of serum
antibodies tested also did not recognize rTT.C. In HD1, two of
the top most abundant antibodies examined, HD1-2 and HD1-5
(observed at an estimated serum concentration of 10 pg/mL and
2 pg/mL, respectively) recognized native rTT.C protein with high
affinity. Remarkably, epitope mapping revealed that both HD1-2
and HD1-5, as well as all serum anti-rTT.C IgGs identified in
HD?2, recognize the same linear epitope. Rosetta docking further
showed that antibody binding to rTT.C occludes the ganglioside-
binding site used by the toxin to gain entry into cells. These
findings reveal that the existence of an immunogenic epitope at
the ganglioside-binding site of the TT plays an important role in
the elicitation of antibodies with neutralizing potential, and thus
provides a molecular-level explanation of the action of the vac-
cine. Molecular-level identification and subsequent analysis of
serum antibody-binding functionality provide obvious utility in
understanding the effectiveness of a vaccine in eliciting neutral-
izing vs. nonneutralizing antibodies, as well as in understanding
the effect of this balance on vaccine outcome (15).

Materials and Methods

Vaccination and Titers. A healthy male and female donor each received
a booster vaccination comprising TT/DT [20 international units (IU) TT and 2 IU
DT; Sanofi Pasteur MSD GmbH] after informed consent had been obtained.
Serum anti-TT titers were determined in triplicate on ELISA plates coated with
2 pg/mL purified vaccine-grade TT (Statens Serum Institut). The anti-TT
World Health Organization International Standard for Tetanus Immuno-
globulin, Human (National Institute for Biological Standards and Control
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code TE-3) was included in triplicate to allow conversion to international
units per milliliter.

High-Throughput Sequencing of V, and V. Repertoires. Peripheral blood
mononuclear cells were isolated and stained for FACS sorting as described in
SI Materials and Methods. For each FACS-sorted B-cell population, first-
strand cDNA was generated from total RNA using a SuperScript RT Il kit
(Invitrogen) and oligo-dT primer. V,, V,, and Vy repertoires were PCR-am-
plified as described (34). These amplified V gene repertoires from each
sorted B-cell population were sequenced using high-throughput 454 GS-FLX
sequencing (University of Texas at Austin and SeqWright). Raw 454 fasta
files were submitted to the international ImMunoGeneTics database High
V-Quest for V gene sequence alignment (35). Unique, full-length Vy, gene
sequences for each donor were assigned into clonotypes as described above.

Proteomic Analysis of the Serum Antibodies to TT in Human Donors. For each
sample, IgG was purified from 7 to 9 mL of serum by protein G enrichment,
followed by pepsin digestion to generate F(ab’)2 and Fc fragments. Antigen-
specific F(ab’)2 fragments were isolated by TT-affinity column chromatog-
raphy. Elution and flow-through fractions were trypsin-digested, and
resulting peptides were fractionated and sequenced by nanoflow LC-elec-
trospray MS/MS on an Orbitrap Velos Pro hybrid mass spectrometer (Thermo
Scientific). The resulting spectra were searched against a custom protein
sequence database as described (20) and detailed in S/ Materials and
Methods. The IgG-cd index represents the total number of serum IgG clo-
notypes detected in the serum of an individual at a distinct time point.
Absolute peptide quantitation was done using isotopically labeled peptides
spiked into MS-ready donor samples at different stoichiometric amounts and
searched against the donor sequence database with isotopic labels included
as dynamic modifications in the search.

Construction and Characterization of Recombinant IgG. V,/V, pairing of HD2
day 7 TT* plasmablasts was carried out as described (19). In addition, syn-
thetic genes encoding the high-frequency, proteomically identified Vy
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sequences were paired with the V, repertoire from day 7 TT* plasmablasts,
expressed as Fabs in Escherichia coli, and screened for TT specificity by ELISA.
Vu/V pairs exhibiting high ELISA signal were cloned and purified as 1gG
from HEK 293F cells. 1gG affinities for vaccine-grade TT, rTT.C, and formal-
dehyde-inactivated rTT.C were determined by competitive ELISA.

Peptide Microarrays. Pepstar peptide microarrays (JPT Peptide Technologies
GmbH) were constructed from overlapping 15-mer peptides (12-aa overlap)
derived from rTT.C. Each microarray included three identical subarrays as
technical replicates. Control rTT.C and TT spots were at separate locations in
the array. The binding of purified recombinant antibodies to the peptide
array was carried out according to the manufacturer’s instructions, with
modifications detailed in S/ Materials and Methods.

Antibody Homology Modeling and Clustering Methods. Antibody V,; and V.
structures were determined by structural homology modeling using the
Rosetta 3.5 suite of protein structure prediction and design software (36).
Antibody homology models were then docked to rTT.C (Protein Data Bank
ID code 1AF9) and analyzed as described in S/ Materials and Methods.
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S| Materials and Methods

Vaccination and Titers. A male healthy donor (HD) and female HD
each received a booster vaccination comprising tetanus toxoid
(TT)/diphtheria toxoid [DT; 20 international units (IU) TT and 2
IU DT; Sanofi Pasteur MSD GmbH] after informed consent had
been obtained from the individual patients and after approval by
the Local Ethics Committee of the Charité University Medicine
Berlin. Forty milliliters of blood was collected before vaccination
(day 0) and subsequently at day 7, 3 mo, and 9 mo postboost
(Institutional Review Board Study 2012-08-0031). Thereof, 10 mL
of peripheral blood was collected into a single Vacutainer K-
EDTA collection tube (BD Biosciences). The additional 30 mL of
peripheral blood was collected into three (3 x 10 mL) Vacutainer
SST II serum tubes (BD Biosciences), with a resultant ~15 mL of
serum at each time point. Collection of peripheral blood mono-
nuclear cells (PBMCs) from the K-EDTA blood was performed by
density gradient centrifugation over Histopaque 1077 (Sigma)
according to the manufacturer’s protocol.

Serum anti-TT titers were determined using ELISA plates that
were coated overnight at 4 °C with 2 pg/mL purified vaccine-
grade TT (Statens Serum Institut) in 50 mM carbonate buffer
(pH 9.6). Coated plates were washed three times in PBST (PBS
with 0.1% Tween 20) and blocked with 2% (wt/vol) milk in PBS
for 2 h at room temperature. Triplicates of serum samples were
serially diluted twofold in 2% (wt/vol) milk in PBS (1:1,000-
1:128,000 serum dilution factor) and then added to the blocked
plates and incubated for 1 h at room temperature. On the same
plate, serial dilutions of the anti-TT World Health Organization
International Standard for Tetanus Immunoglobulin, Human
(National Institute for Biological Standards and Control code
TE-3) were included in triplicate to allow conversion to in-
ternational units per milliliter. After binding, ELISA plates were
washed three times with PBST and incubated with 50 pL of anti-
human kappa light chain-HRP secondary antibody [1:2,500 in
PBS and 2% (wt/vol) milk; Sigma] for 30 min at 25 °C. Plates
were washed three times with PBST, and 50 pL of Ultra TMB
substrate (Thermo Scientific) was then added to each well and
incubated at 25 °C for 5 min. Reactions were stopped using an
equal volume of 1 M H,SO,, and absorbance was read at 450 nm
(BioTek).

Fluorescence-Activated Cell Sorting Analysis and Sorting of B-Cell
Populations. For the two donors receiving the TT/DT booster
vaccination, PBMCs were stained for 15 min in PBS/0.2% BSA at
4 °C in the dark using the following antibodies: anti-CD3-Pacific
Blue (PacB, clone UCHT1; BD Biosciences), anti-CD14-PacB
(clone MSE2; BD Biosciences), anti-CD19-phycoerythrin-cya-
nine 7 (PECy7; clone SJ25C1, BD Biosciences), anti-CD27-Cy5
(clone 2E4; BD Biosciences), anti-CD38-PE (clone HIT2; BD
Biosciences), anti-CD20—Pacific Orange (clone HI47; Invitrogen),
and anti-IgD—peridinin/chlorophyll/protein complex—Cy5.5 (clone
L27; BD Biosciences). TT-specific B cells were identified by
binding to TT labeled with digoxigenin (TT-Dig; Novartis Behr-
ing), washed in PBS/0.2% BSA, and bound by the secondary
antibody anti-Dig-FITC (Roche Diagnostics GmbH). Specificity
of the staining was confirmed each time by blocking with pure
TT. DAPI (Molecular Probes) was added before cell sorting to
exclude dead cells. The following B-cell populations were
sorted using a FACSAria II cell sorter (Becton Dickinson):
CD3~CD14-CD19*CD27**CD38**CD20~ plasma cells (PCs),
CD37CD14-CD19*CD27"CD20*1gD™~ memory B cells, and
CD3CD14-CD19*CD27**CD38**CD20"TT* PCs (TT" PCs).
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Those PCs that did not stain as TT* (i.e., total PC-sorted fraction
depleted of TT* PCs during TT labeling) are notated as TT-
depleted (TTP). B-cell subpopulations were sorted and collected
into PBS/0.2% BSA, centrifuged at 500 x g for 10 min, aspirated,
and then resuspended in TRI Reagent solution (Life Technologies)
and frozen at —80 °C. For HD2, approximately half of the day 7
TT* plasmablast-sorted cells were washed and cryopreserved in
DMSO0/10% (volvol) FCS for high-throughput Vy/Vy pairing (1).

Amplification of the Vy, and V| Repertoires from B Cells. Briefly, total
RNA was isolated according to the RiboPure Kit protocol (Life
Technologies). First-strand ¢cDNA generation was performed
with 500 ng of isolated total RNA using a SuperScript RT II kit
(Invitrogen) and oligo-dT primer. After cDNA construction, PCR
amplification was performed to amplify the V,, V,, and V genes
separately using a primer set described by Ippolito et al. (2).
PCR reactions were carried out using Taq polymerase with
Thermpol reaction buffer (New England Biolabs) with the fol-
lowing cycling conditions: 92 °C denaturation for 3 min; 92 °C for
1 min, 50 °C for 1 min, and 72 °C for 1 min for four cycles; 92 °C
for 1 min, 55 °C for 1 min, and 72 °C for 1 min for four cycles;
92 °C for 1 min, 63 °C for 1 min, and 72 °C for 1 min for 20
cycles; and a final extension at 72 °C for 7 min. PCR products
were gel-purified on a 1% agarose gel before sequencing.

High-Throughput Sequencing of Vy, and V, Repertoires. V gene rep-
ertoires isolated from sorted B-cell populations of both vacci-
nated human donors were sequenced using high-throughput 454
(Roche Diagnostics GmbH) GS-FLX sequencing (University of
Texas at Austin and SeqWright). Raw 454 fasta files were sub-
mitted to the international InMunoGeneTics database (IMGT)
High V-Quest for V gene sequence alignment and germ-line
gene assignment (3). IMGT aligned sequences were then pro-
cessed by a series of quality control filters to remove truncated
sequences (as defined by not having aligned FR1 or FR4 Ig re-
gions) and sequences that contained stop codons or ambiguous
sequencing reads. The remaining sequences were subsequently
grouped according to unique full-length V gene amino acid se-
quencing for generation of the sequence database used for
proteomic bioinformatics.

Clonotype Indexing. Unique, full-length, heavy-chain V gene
sequences for each donor were assigned into clonotypes by single-
linkage hierarchical clustering. The algorithm starts by stochas-
tically seeding an amino acid sequence from the donor-specific
database and building an initial cluster from the entire donor-
specific database if the following conditions are met: The com-
plementarity determining region (CDR)-H3 amino acid se-
quence is >90% identical and the CDR-H3 is +1 amino acid in
length (accounting for differential IMGT sequence alignments
occasionally seen at the CDR-H3/J region junction). Variations
in length were penalized the same as a substitution. Upon
completion of the first round of clustering, a new seed is chosen
and unassigned sequences are tested for the above constraints.
This iterative process continues until no unassigned sequences
remain. IMGT was used to annotate V and J germ-line use,
followed by manual curation of the IMGT calls. Manual curation
was restricted to clusters that comprised >98% of a single V
germ line (but not 100%) or >95% of a single J germ line (but
not 100%). Visual inspection of the sequence alignments (to the
assigned germ-line element) for each of these clusters allowed
manual confirmation or rejection of the V and J germ-line
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annotations. After manual curation, each cluster was set to
contain full V gene sequences that have the same V and J as-
signment by IMGT.

Proteomic Analysis of the Serum Antibodies to TT in HDs. For each
time point examined in the two HDs, 7-9 mL of serum was di-
luted fourfold with Protein G binding buffer (Pierce), filtered
with a 0.22-pm Acrodisc syringe filter (Pall Life Sciences), and
passed over a 4-mL Protein G Plus agarose (Pierce) affinity
column in gravity mode. The diluted serum was recycled three
times over the column, which was subsequently washed with 15
vol of PBS and eluted with 5 vol of 100 mM glycine-HCl (pH
2.7). The elution was immediately neutralized with 2 mL of 1 M
Tris-HCl (pH 8.5). The purified IgG was dialyzed overnight at
4 °C into 20 mM sodium acetate (pH 4.5) and concentrated to
10 mg/mL using an Amicon Ultra-4 centrifugal filter unit
(EMD Millipore). Total protein G-purified IgG was digested
with 1 mL of immobilized pepsin resin (Pierce) per 10 mg of
IgG in 20 mM sodium acetate. Pepsin digestion was allowed to
proceed for 7 h, shaking vigorously at 37 °C. The digestion of
the IgG into F(ab’)2 was monitored by SDS/PAGE to ensure
>95% cleavage. After cleavage was complete, pepsin resin was
spun down at 2000 x g and the F(ab’)2-containing supernatant
was aspirated into a separate 1.5-mL Eppendorf tube. The
resin was then washed (vortexed) with 1 vol of 2x PBS and
wash supernatant-separated by spinning through an Ultrafree-
MC centrifugal filter unit (EMD Millipore) at 4,000 x g, with
a total of three resin washes. The original supernatant and
three wash supernatants were combined and pH-adjusted to 7.

Affinity chromatography for the isolation of antigen-specific F
(ab”)2 was carried out by first coupling 5 mg of vaccine-grade TT
onto 0.25 g of dry N-hydroxysuccinimide (NHS)-activated aga-
rose (Pierce) by overnight rotation at 4 °C. The coupled agarose
beads were washed with PBS, and unreacted NHS groups were
blocked with 1 M ethanolamine (pH 8.3) for 30 min at room
temperature, washed with PBS, and packed into a 5-mL chro-
matography column (Pierce). The column was then washed with
5 vol of 100 mM glycine (pH 2.7) to elute nonspecifically bound
(unconjugated) antigen and then with 5 vol of PBS to equili-
brate. F(ab")2 fragments were applied to the antigen affinity
column in gravity mode, with the flow-through collected and
reapplied to the column three times. The column was sub-
sequently washed with 15 vol of PBS and 5 vol of ddH,0, and
then eluted into Maxymum Recovery 1.5-mL tubes (Axygen
Scientific) using 1-mL fractions of 20 mM HCI (pH 1.7). The
flow-through, wash, and each 1-mL elution fraction (imme-
diately neutralized with NaOH/Tris) were analyzed by indirect
ELISA against vaccine-grade TT. Elution fractions showing
an ELISA signal were combined and concentrated under vac-
uum to a volume of ~0.5 mL, and the combined concentrated
affinity column elution was desalted into ddH,0 using a 2-mL
Zeba spin column (Pierce). The desalted elution was further
concentrated under vacuum to ~0.5 mg/mL in a Maxymum
Recovery 1.5-mL tube.

The combined desalted elution and an aliquot of the flow-
through from the antigen affinity chromatography were each
denatured in 50% (vol/vol) 2,2,2-trifluoroethanol (TFE), 50 mM
ammonium bicarbonate, and 10 mM DTT at 60 °C for 60 min.
The denatured, reduced F(ab’)2 was alkylated by incubation with
32 mM iodoacetamide (Sigma) for 1 h at room temperature and
then quenched by the addition of 20 mM DTT for 1 h at room
temperature. Denatured, alkylated F(ab’)2 samples were diluted
10-fold into 50 mM sodium bicarbonate to reach a final TFE
concentration of 5% vol/vol. Trypsin digestion was carried out by
adding trypsin at a ratio of 1:35 trypsin/protein and incubated
overnight at 37 °C. Digestion was halted by the addition of for-
mic acid to a 1% final concentration, and the sample volume was
reduced to ~100 pL under vacuum.
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Peptides derived from proteolytic digestion were subjected
to chromatographic separation on a C18 Hypersep SpinTip
(Thermo Scientific), washed three times with 0.1% TFA, and
eluted with 60% (vol/vol) acetonitrile in 0.1% TFA (4 x 50 pL).
The C18 elution was dried under vacuum to ~5 pL and diluted to
50 pL in 5% (vol/vol) acetonitrile and 0.1% TFA. Peptides were
separated on an Acclaim PepMap rapid separation liquid chro-
matography (RSLC) reverse-phase column (Dionex; Thermo
Scientific) using a 5-40% (vol/vol) acetonitrile gradient over 250
min at 300 nL/min (Dionex UltiMate 3000 RSLCnano; Thermo
Scientific). Eluting peptides were directly injected onto an LTQ
Orbitrap Velos mass spectrometer (Thermo Scientific) using a
nano-spray source. The LTQ Orbitrap Velos was operated in the
data-dependent mode with parent ion scans (MS1) collected at
a resolution of 60,000. Monoisotopic precursor selection and
charge state screening were enabled. Ions with a charge >+1 were
selected for collision-induced dissociation fragmentation spectrum
acquisition (MS2) in the LTQ Orbitrap Velos, with a maximum of
20 MS2 scans per MS1. Dynamic exclusion was active with a 45-s
exclusion time for ions selected more than twice in a 30-s window.

The resulting spectra were searched against a custom protein
sequence database consisting of the donor-specific Vi and Vi,
protein sequences concatenated to a human full-protein—coding
sequence database (Ensembl 64, longest sequence/gene) and
common contaminants protein list (MaxQuant) using SEQUEST
(Proteome Discoverer 1.3; Thermo Scientific). The search speci-
fied full-tryptic peptides, allowing up to two missed cleavages. A
precursor mass tolerance of 5 ppm was used, with a fragment mass
tolerance set to 0.5 Da. Carbamidomethylation of cysteine (io-
doacetamide) was selected as a static modification, and oxidized
methionine was selected as a dynamic modification. High-confi-
dence peptide spectrum matches (PSMs) were filtered at a <1%
false discovery rate (determined by Percolator, Proteome Dis-
coverer 1.3; Thermo Scientific). Due to the prevalence of leucine/
isoleucine substitutions in V gene peptides, all Ile/Leu sequence
variants were considered as a single peptide group. For remaining
cases where multiple high-confidence identifications were scored
for the same spectrum, PSMs with the lowest posterior error
probability were selected. To limit false identifications arising
from the unusually high rate of homology among V gene peptides,
we used an average mass deviation (AMD) filter of <1.5 ppm for
all peptides, as described (4). Briefly, observed masses were re-
calibrated (5) and AMD was calculated for all peptides. Only
peptides with an AMD <1.5 ppm were included in the final da-
taset. To increase confidence in the identification of the pro-
teolytic peptides further, only peptides observed in all three
injections, and with a minimum of five cumulative total spectral
counts in at least one time point (sample), were considered. Based
on the Poisson distribution of spectral counts detected across the
three separate injections for each sample, the statistical likelihood
of a peptide that passes these filters not being observed due to
stochastic noise alone is <1.6%.

For peptide quantification, the extracted-ion chromatogram
(XIC) area was calculated for all precursor ions by the Precursor
Ions Area Detector in Proteome Discoverer). Proteome Dis-
coverer does not combine XIC areas of charge variants at the
peptide level, so multiple XIC areas are commonly observed for
single peptides. To account for this, a total XIC area was cal-
culated as the sum of all unique XIC areas for a given peptide,
including modifications. To normalize peptide abundance meas-
urements across samples, peptide frequencies were calculated as
the total XIC area of a peptide divided by the sum of all peptide
XIC areas in that sample.

Due to the high rate of degeneracy among V gene peptides,
most identified sequences mapped to multiple V genes in our
database. We therefore limited our analysis to “informative”
peptides, defined as proteolytic fragmentation products of suf-
ficient length and uniqueness to map to a single clonotype in the
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indexed (see above) donor-specific V gene sequence database.
Clonotype frequencies within each sample were calculated using
only clonotype informative peptides derived from the CDR-H3
region of the antibody. Clonotyped CDR-H3 peptides were de-
termined to be antigen-specific if their frequency in the elution was
at least 10-fold greater than their frequency in the flow-through.

Absolute Peptide Quantitation by Isotopically Labeled Peptide Spike-
In. Synthetic peptides were ordered from Pierce Biotechnology
with either isotopically heavy lysine [C(6)'°N(2), +8.014 Da] or
arginine [*C(6)'°N(4), +10.008 Da] as the C-terminal residue.
Lyophilized peptides were solubilized in 10 mM acetic acid at
a concentration of 1 mg/mL. For MS analysis, individual pep-
tides were diluted and combined at a concentration of 10 nM,
followed by serial dilution in 5% (vol/vol) acetonitrile and 0.1%
formic acid to desired concentrations. For spike-in experiments,
the peptide mix was serially diluted to 10x stock concentration
and then added to MS-ready samples at a 1:10 volumetric ratio
to reach the final concentration. Samples were analyzed by liquid
chromatography (LC) tandem MS (MS/MS), and the data were
processed as described above, with the exception that the iso-
topically heavy K and R residues were included as dynamic
modifications in the search.

Construction and Characterization of Recombinant IgG. V;/V pairing
of HD2 day 7 TT" plasmablasts was carried out as previously
described (1). In addition, for both donors, synthetic genes en-
coding the high-frequency, proteomically identified Vy sequences
(for which V/Vy pairs were not found by the method described
by DeKosky et al. 1) were paired with the Vi repertoire from day
7 TT* plasmablasts, expressed as Fabs in Escherichia coli, and
clones were screened for antigen specificity by ELISA on 96-well
plates. Specifically, the day 7 TT* plasmablast Vy repertoire of
each donor was PCR-amplified with human Vi and Jk primer sets
as described above and cloned into pFAB-S, a Fab expression
vector derived from pMAZ360 (6). For each donor, proteomically
identified Vi genes were synthesized as gBlock Gene Fragments
(Integrated DNA Technologies) and separately cloned into the
pFAB-S vector containing the donor-specific Vy library. Each of
the four libraries was electroporated into DH10B [F-mcrA A(mirr-
hsdRMS-mcrBC) ®80lacZAM15 AlacX74 recAl endAl araD139
A(ara leu) 7697 galU galK rpsL nupG A-] and confirmed to be
>10° in library size. Approximately 200 single colonies of each
library were inoculated into 96-well plates containing terrific broth
(TB) growth media + ampicillin (100 pg/mL) + 1% glucose, grown
on a plate shaker at 30 °C overnight, and used to inoculate 96-well
plates by transferring 5 pL of seed culture into 150 pL of TB +
ampicillin (100 pg/mL) + 1% glucose. Cultures were grown on
a plate shaker at 37 °C to ~0.5 ODg, and cells were pelleted by
centrifugation in a swinging bucket rotor at 2,500 x g for 10 min
at 4 °C (Beckman Coulter) and resuspended in an equal volume
of TB + ampicillin (100 pg/mL) + 1 mM isopropyl-B-p-thio-
galactopyranoside (IPTG) for overnight expression, with shaking at
25 °C. ELISA screening of E. coli cell lysates was performed as
described previously (7). The Vi genes of the antibodies that ex-
hibited the highest signals by indirect ELISA against vaccine-grade
TT were analyzed by Sanger sequencing (3730XL DNA Analyzers;
Applied Biosystems). These Vy/Vy, pairs were cloned separately
into the pMAZ-IgH and pMAZ-IgL vectors (6), using Gibson
Assembly Master Mix (New England Biolabs) and separately
transformed into E. coli Jude-1 [recAl endAl1 gyrA96 thi-1 hsdR17
supE44 relAl lac (F' proAB laclqZAM15 Tnl0 [Tetr])]. After se-
quence validation, 20 pg of each pMAZ vector cloned with the Vy
and V|, gene was purified, DNA-sequenced, and cotransfected into
HEK 293F cells following the Freestyle MAX expression system
instructions (Invitrogen). HEK 293F cells were grown for 6 d after
transfection; medium was harvested by centrifugation, and IgG was
purified by a protein A agarose (Pierce) chromatography column.
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IgG affinities for vaccine-grade TT, recombinant TT fragment
C (fTT.C), and formaldehyde-inactivated rTT.C (f-rTT.C) were
determined by competitive ELISA using different concentrations
of IgG in a serial dilution of antigen, ranging from 50 to 0.02 nM
in the presence of 2% (wt/vol) milk in PBS. The concentrations of
IgG used were chosen based on the signal given in an initial
indirect ELISA in which a dilution series of each IgG was ana-
lyzed. Each sample was incubated overnight at room temperature
to equilibrate. Separately, plates were coated overnight at 4 °C
with 10 pg/mL antigen (vaccine-grade TT, rTT.C, or {-r'TT.C)
in 50 mM carbonate buffer (pH 9.6), washed three times in
PBST, and blocked with 2% (wt/vol) milk in PBS for 2 h at
room temperature. Equilibrated samples were then added to
the blocked ELISA plates and incubated for 1 h at room
temperature. After binding, ELISA plates were washed three
times with PBST and incubated with 50 pL of anti-human
kappa-HRP secondary antibody [1:2,500 in PBS with 2%
(wt/vol) milk; Sigma] for 30 min at 25 °C. Plates were washed
three times with PBST; 50 pL of Ultra TMB substrate (Thermo
Scientific) was then added to each well and incubated at 25 °C
for 5 min. Reactions were stopped using an equal volume of
1 M H,SOy, and absorbance was read at 450 nm (BioTek).

For LC-MS/MS analysis of monoclonal recombinant IgG, ~20
pmol of various purified recombinant antibodies was denatured,
reduced, alkylated, and trypsinized, and peptides were purified
over a C18 reverse-phase SpinTip as described above. A 10-fold
dilution of the tryptic peptides from each antibody was injected
onto the Orbitrap Velos and processed as described above for
serum proteomics. Individual tryptic peptide spectral counts
(derived from the monoclonal IgG) were compared and plotted
to compare tryptic peptide observability across the full mono-
clonal IgG sequence.

ITT.C Expression and Purification. Plasmid pMOPACI2 (8) en-
coding a pelB leader, followed by the rTT.C gene and a C-ter-
minal 6x His tag, was transformed into BL21 E. coli. For protein
expression, cells were grown in TB media + ampicillin (100 pg/mL)
to an ODg of ~0.6-0.8 and induced by addition of 1 mM IPTG in
a shake flask at 250 rpm for 5 h at 25 °C. Cells were centrifuged at
8,500 x g for 10 min at 4 °C (Beckman Coulter), and the super-
natant was discarded; the cell pellet was resuspended in lysis buffer
[20 mM phosphate buffer, 300 mM sodium chloride (pH 7.5)] and
subsequently lysed using a French press cell disruptor (Thermo
Scientific). Lysates were centrifuged at 35,000 x g for 30 min at 4 °C
and filtered with a 0.22-ym Acrodisc syringe filter (Pall Life Sci-
ences). The r'TT.C protein in the supernatant was purified by nickel-
nitrilotriacetic acid affinity chromatography (Qiagen) according to
the manufacturer’s instructions. After washing with 10 column
volumes of lysis buffer supplemented with 60 mM imidazole, rTT.C
was eluted using lysis buffer supplemented with 300 mM imidazole.
Protein concentration was determined using an ND-1000 spectro-
photometer (Thermo Scientific), and purity was evaluated by
SDS/PAGE analysis. Purified rTT.C was subjected to formalde-
hyde treatment for inactivation as previously described (9).

Peptide Microarrays. Pepstar peptide microarrays were provided by
JPT Peptide Technologies GmbH. The peptides on the arrays
represent a linear scan of 15-mer peptides derived from rTT.C
that overlap by 12 amino acids. Each microarray included three
identical subarrays as technical triplicates. As a positive control,
rTT.C and whole TT were spotted on separate locations in the
array. The binding of purified recombinant antibodies to the
peptide array was carried out according to the manufacturer’s
instructions (www.jpt.com), with the following modifications: (i)
Primary antibodies in TBS-Tween (TBST; 0.1% vol/vol) were
incubated with the peptide microarray at a concentration of 20
pg/mL; (ii) peptide microarray slides were washed five times with
TBST, incubated with Alexa Fluor 647-affinipure mouse anti-
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human IgG (Jackson ImmunoResearch), and subsequently washed
five times with TBST and then five times with ddH,O; and (iii)
slides were dried by applying a gentle stream of Argon on the
microarray surface. Fluorescent signals were acquired with a Gen-
ePix 4000B scanner (Molecular Devices) at a resolution with
a pixel size of 10 pm. Signals obtained were normalized and plotted
to reflect the relative intensities of the fluorescence signals.

Antibody Homology Modeling and Clustering Methods. Antibody Vy
and V| structures were determined by structural homology
modeling using the Rosetta 3.4 suite of protein structure pre-
diction and design software. Antibody Vi and Vi sequences
were matched to a database of antibody crystal structures. Each
CDR and framework region of an antibody sequence was in-
dividually matched in sequence and length to a corresponding
structural segment in the database (10). The matching antibody
segments were then grafted into contiguous Vi and Vi models
by superimposition of four backbone residues comprising each
end of a CDR onto four overlapping backbone residues of an
adjacent framework fragment. Terminal residues at each end of
a CDR loop were then further modeled and optimized through
superposition of residues on the terminus of the CDR onto the
framework residues to achieve correct loop geometries. The
entire modeled Vy/Vy, pair was then minimized and subjected to
side-chain rotamer repacking. The orientation of Vi and Vi

-
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chains was optimized through a local refinement docking step
(11). The CDR-H3 was further modeled through kinematic loop
modeling and refinement (12). A total of 2,000 models per an-
tibody were generated, and the model exhibiting the best energy
(in Rosetta energy units), as well as CDR-H3 structure, was
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neurotoxin (Protein Data Bank ID code 1AF9). Docking of each
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Fig. S1. Kinetics of TT™ memory B cells (mBCs) and TT* plasmablasts in the peripheral blood of HD2. (Upper) Fluorescence-activated cell sorting (FACS) of
CD37CD14°CD19*CD27**CD38*"CD20 TT* plasmablasts. Approximately 7% of day 7 B cells stained as CD38**CD27** plasmablasts, and 3% of these stained as

TT*. (Lower) FACS TruCount (1) analyses of TT* mBCs and TT* plasmablasts on days 0, 7, 9, 14, 40, and 169 postboost. APC, allophycocyanin; Comp, com-
pensated; Dig, digoxigenin; FSC, forward scatter; Pacorg, Pacific Orange.

1. Nicholson JKA, et al. (1997) Evaluation of a method for counting absolute numbers of cells with a flow cytometer. Clin Diagn Lab Immunol 4(3):309-313.
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Fig. S2. Example set of sequences clustered using two different thresholds for amino acid identity in the CDR-H3. This example shows 35 sequences pulled
from a larger test set. Half of the plot (upper left of the diagonal) shows the pairwise amino acid (aa) sequence identity among the 35 sequences, whereas the
other half (lower right of the diagonal) shows the clonotype groupings (in red) formed by the single-linkage hierarchical clustering. (4) At an 80% identity
threshold, the sequences mostly cluster into one clonotype in this example. However, this cluster (clonotype) has numerous CDR-H3s that are less than 60%

identical (due to single linkage), clearly indicating the threshold is too low. (B) At a 90% identity threshold, the clonotypes formed represent groups of highly
similar CDR-H3s.
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Fig. S3. Sequence logo of the CDR-H3/J region. The sites of trypsin cleavage for producing the CDR-H3-containing peptide are shown above in the form of
a sequence logo produced from the donor-specific V gene sequence database (for the purposes of illustration here, HD2 14-residue CDR-H3). For all sequences
within the DNA database, there exists a conserved trypsin cleavage site (R/K) in 86% of sequences. Of the remaining sequences, another 6% have an internal
trypsin cleavage site in the CDR-H3. The C-terminal trypsin cleavage site resides within the constant region.
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Fig. S5. Observed peptides from MS analysis of recombinant TT* mAbs. Purified recombinant anti-TT antibodies with V}; sequences identified either in the
serum and TT plasmablasts (HD2-88) or encoded in TT* plasmablasts only (HD2-PB1) were subjected to LC-MS/MS as described in S/ Materials and Methods.
CDR-H3 peptides for HD2-PB1 were not detected at any time point in the serum, despite the fact that this B-cell clonotype was identified in the TT* plasmablast
compartment at a high frequency (9% of 454 sequencing reads) and was TT-specific (Fig. 4). The distribution of the antibody-derived tryptic peptides, in
particular the clonotype-specific CDR-H3 peptides (red), indicates that the lack of observation of HD2-PB1 CDR-H3 peptides in serum-derived samples is not due
to MS analytical artifacts.
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HD1-1* QVQLVESGGLVQPGGSLRLSCAASGFSFNTYSFNWVRQPPGRGLEWVASISSSSSYIAYSDSVEKG
HD1-2* OQVOLLOSGAEVEKPGSSVKVSCKASGGNFRSDGLSWVRQAPGQGLEWMGGIIPVFGAPKYAQAFQ
HD1-5* QVQLVESGAEVEKKPGSSVKLSCKASGGTFRSDGVNWVROAPGOGLEWMGAIIPVFGPGNYPQKFQ
HD2-1* QVOLOOWGAGLLKPSETLSLTCGVYGGSFRNVYWTWLROQAPGKGLEWIAEVHHTGDTSYNPSLES
HD2-7 QVOLOQESGPGLVKPSETLSLTCTVSGGSINSYYWSWIRQSPGKGLEWIGYIYYTGINKYNPSLKS
HD2-8 QVOLQESGPGLVRPSQTLSLTCTVSGDSISDGDSFWSWIRQPPGKGPEWIGYISSSGTTYYYPSL
HD2-21 OQVQLOESGPGLVEKPSGTLSLTCAVSGVPVYTGHWWTWVRQAPGRKGLEWIGEIHHTVTTNYNPSLR
HD2-26 QVQLVESGSEVRKPGASVKVSCKASGYTFSRYGLTWVRQAPGQGLEWMGWISGYNSNTNYAPKFQ
HD2-49 QVTLKESGPALVKPTQTLTLTCTFSGFSLLSSGMCVSWIRQPPGKALEWLARIDWDEKKYYSPSL
HD2-54.1 QVOQLVESGGGLVQOPGRSLRLSCVGSGFSFESYAMHWVRLAPGKGLEWVAGISWDSGAKGNADSVE
HD2-54.2 QVOQLOESGGGLVQPGRSLRLSCVGSGFSFESYAMHWVROQAPGKGLEWVAGISWDSGAKGNADSVE
HD2-88 OQVOQLVESGGGLVKPGGSLRLSCAASGFSFSHYSMNWIRQAPGKGLEWVASITSGSTNMVYADSLR
HD2-89 QVQLVQSGGGVEKQPGGSLRLSCTASGFTFEDFNMHWVRQAPGKGLEWISYISGDGDRTHYSDSVR
HD2-PB1 QVQLVQOSGAEVKKPGASVRVSCKASGYTFTRYAMHWVRQAPGQRPEWMGWINVDNGNTEYSQKFQ
HD2-PB2 QVOQLVESGAEVEKKPGASVRVSCEKASGYTFTNYGLAWVRQAPGQGLEWMGWITVYNGHTSYAQKFH

70 80 90 100 110 120 129
HD1-1* RFTVSRDNAKNSLYLOLNGLRDEDTAVYYCARNLQGHYAMDVWGQGTPVTVSS
HD1-2* GRVTITADESTNTVYMELSRLRIDDTAVYYCARDSVTNLGENLNFFPYWGQGTLVTVSS
HD1-5* GRVKITADEFTSTVYMELSSLRSEDTAVYYCARDTVTPLGENLNYFAHWGQGALVTVSS
HD2-1* RVTISADTSKNQFSLKLRSVTAADTAVYYCARGEPIRATVFGQPIPRGAWFDPWGQGTPVTVSS
HD2-7 RVTISMDTSKROQVSLEVTSLTPADTAVYFCARLHPTCASTRCPENYGMDVWGQGTTVAVSS
HD2-8 RGRLTVSLDASKNQFSLSLTSVTAADTAVYYCARARNYGFPHFFDFWGRGTLVTVSS
HD2-21 SRVTISEDRSKNQISLTLOSVTAADTAVYFCARGEDCVGGSCYSADWGQGILVTVSS
HD2-26 GRVTMTTDTSTNTAYLELRSLRSNDTAVYYCARDYFHSGSQYFFDYWGQGSLVTVSS
HD2-49 EKTRLTISKDTSKDQVVLTMTNMDPLDTAMYSCARGVVPAGIPFDFWGQGIMVTVSS
HD2-54.1 GRFTISRDNAKKSVYLEMRSLRPEDTAFYYCAKAPIIGPKYYFYMDVWGKGTSVTVSS
HD2-54.2 GRFTISRDNAKKSLYLEMRSLRPEDTAFYYCAKAPIIGPKHYFYMDVWGKGTSVTVSS
HD2-88 ARFSISRDNAKNSLYLOMDSLSAEDTAVYYCARKGMGHYFDFWGQGTPVTVSS
HD2-89 GRFTISRDNSGNSLYLOMTSLRTEDAGFYYCGKSYDYIRENLDSWGQGTLVTVSS
HD2-PB1 GRLTITRDTSASTAYMELSSLTSDDTAVYYCAKDRVRVVQAATTLDFWGQGTLVTVSS
HD2-PB2 DRVTMTTDTSTRTAYLEVRNLGSDDTAVYYCARKPRFYYDTSAWFEFWGQGTLVTVSS

%
Z |
=

10 20 30 40 50

HD1-1* DIVLTQTPRTLPVTPGEPASISCRSSQSLLHSNGHNYLDWYLQRPGQSPQLLFYMGSF
HD1-2* DIQMTQSPDSLVVSLGERATINCKSSETVLDNSSKRNYLAWYQQRPGQPPKLLAYWAS
HD1-5* DIVLTQSPDSLVVSLGERATINCKSSETVLDNSSKRNYLAWYQQORPGQPPKLLAYWAS
HD2-1* EIVMTQSPSSLSASIGDTVTITCQASQDITIYLNWYQQRPGRAPKLLIFDASSLKVGV
HD2-7 EIVLTQSPLSLSVTPGQPASISCRSSQSLVNSDGKTYLYWYLOKPGQSPQLLIYEVSN
HD2-8 DIOMTOSPSTLSASVGDSVTITCRASOQSITRWLAWYQOKPGKAPKLLIYKASLLESGV
HD2-21 EIVLTQSPSSLSASVGDRVTITCRASQNIHLFLNWYQQRPGRVPKVLIYATSTLQOSGV
HD2-26 DIRLTQOSPSSLSASVGDRVTITCRSSQTISTYLNWYQQKPGEAPKILIYAASSLHTGV
HD2-49 ETTLTQOSPSTLPASVGDRVTITCRASENINSWLAWYQQKPGKAPKILIYRASNLESGV
HD2-54.1 EIVLTOSPGTLSLSPGERATLSCRASQRVKSSYLAWYQOKPGQAPRLLIYDASTRATG
HD2-54.2 EIVLTOSPGTLSLSPGERATLSCRASQRVKSSYLAWYQOKPGQAPRLLIYDASTRATG
HD2-88 QTVVTQEPSSSVSLGGTVTLTCGLTSGPVTGAYYPSWHQOQTPGQAPRTLIYNTYSLSS
HD2-89 OQPGLTQPPSVSVAPGQTARITCGGNNIGSRHVHWYQORPGQAPVLVVYDDDARPSGIS
HD2-PB1 EIVLTOSPGTLSLSPGERATLSCRASQTIPSKYLGWYQQOKLGQAPRLLIYGASSRATG
HD2-PB2 DIVLTQSPETLSVSPGESATLSCRASQSVSTDLAWYQHKPGQAPRLLIWGASTRATGI

60 70 100 110 113
HD1-1* RASGVPDRFSVSGSGTDFTLKISRVEADDVGVYYCMQALQTPLTFGGGTKVEIK
HD1-2* TRQSGVPDRFSGSGSGTYFTLTISSLQAEDVAVYYCQOQYYTTPLTFGGGTKVEIK
HD1-5* TRQSGVPDRFSGSGSGTYFTLTISSLOQAEDVAVYYCQOYYTTPLTFGGGTKVDIK
HD2-1* PSRFSGSGSGTAFTFTITSLOPEDIATYYCQQYDSLPVTFGGGTKLEIK
HD2-7 RFSGVPDRFSGSGSGTDFTLKISRVEPEDFGVYYCMQTILLPFTFGPGTTVDIK
HD2-8 PSRFSGSGSGTEFTLTISSLQPDDFATYYCQQYNSYSPWTFGPGTKLEIK
HD2-21 PSRFSGSGSGTDFTLTISSVQPEDFATYYCQQSFSTPRTFGPGTKVEIK
HD2-26 PSRFSGSGSGTDFTLTITSLOQPEDFAIYHCOQOSYSTPYTFGQGTKVEIK
HD2-49 PSRFSGSGSGTEFTLTISSLOPDDFATYYCQHFDKYFSWTFGHGTKVEIK
HD2-54.1 IPDRFSGSGSGTDFTLTISRLEPEDVAVYYCOQQYGTSRGTFGQGTRLEIK
HD2-542 IPDRFSGSGSGTDFTLTISRLEPEDVAVYYCQQYGTSRGTFGQGTRLEIK
HD2-88 GVSDRFSGSILGNKAALTISGAQADDESDYYCVLYMGSGIWMFGGGTKLTVL
HD2-89 GRFSGSNSGNTATLTISWVEAGDEADYYCQVSDSGREWGVFGSGTKVTVL
HD2-PB1 IPDRFSGSGSGTDFTLTISRLEPEDFAVYYCQOQOYGSLSAITFGOGTRLEIK
HD2-PB2 PARFSGSGSGTEFTLTISSLOSEDFAICFCHQYNNWPTFGQGTKVEIK

Fig. S6. Amino acid sequences of the Vy (Upper) and V| (Lower) genes encoding the validated TT* antibodies. V/V, pairings were determined by high-
throughput single-cell pairing (1). The four sequences marked with an asterisk are the IgGs in which V,/V| pairing was discovered by screening of a library
prepared by pairing a synthetic Vi, with the V| repertoire from day 7 TT* plasmablasts.

1. DeKosky BJ, et al. (2013) High-throughput sequencing of the paired human immunoglobulin heavy and light chain repertoire. Nat Biotechnol 31(2):166-169.
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Fig. S7. Rosetta model of HD2-49 (A), HD2-88 (B), and HD2-89 (C) antibodies in complex with TT fragment C (TT.C). For all three antibodies, the V}; (cyan) and
V, (gold) chains were modeled and docked to the TT.C protein (gray). The van der Waals (vdW) surfaces for the CDR-H3 and CDR-L3 are shown, as is the vdW
surface of the experimentally determined peptide epitope (Pep ID no. 91) on TT.C. The buried antibody solvent-accessible surface area (SASA) of the three
models (HD2-49, HD2-88, and HD2-89) was 654.2 A%, 875 A2, and 892.8 A2, respectively.

Table S1. Summary of V, 454 sequencing statistics and clonotype indexing

Unique V Unique Unique serum TT*
Cell population Reads genes clonotypes clonotypes identified
HD1 TT* plasmablasts, day 7 16,051 6,898 922 25
HD1 TT9P plasmablasts 24,456 9,750 1,804 10
HD1 mBCs, day 7 57,684 34,613 14,444 54
HD1 PBMCs, 3 mo 58,898 33,226 16,469 55
HD2 TT* plasmablasts, day 7 14,041 5,881 538 24
HD2 TT9P plasmablasts 15,623 11,009 5,276 33
HD2 mBCs, day 7 12,693 9,047 5,672 25
HD2 PBMCs, 3 mo 27,969 12,818 5,254 24

TT9P, TT depleted.

Table S2. Titers of HD1 and HD2 across five time points

Donor ID Day 0 Day 7 Day 56 3 mo 9 mo
HD1* 2.0 2.3 4.7 4.5 4.5
HD2* 6.1 6.1 6.2 6.2 6.5

*Titers in international units per milliliter.
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